Abstract Nano-structured TiN/VN coatings with a range of bi-layer periods from 3.4 to 11.0 nm were deposited on ferromagnetic 410 stainless steel (410SS) and non-ferromagnetic Ti-6Al-4V titanium alloy substrates using an Unbalanced Magnetron Sputtering (UMS) technique; the microstructure, mechanical properties, and erosion performance of the as-sputtered coating were evaluated. While the surface morphologies of the coatings on these two substrates were different, the XRD measurements complemented by a texture evaluation through pole figures indicated that the preferred orientations of the TiN/VN coatings on 410SS and Ti-6Al-4V were also dissimilar. A nano-mechanical indentation technique was used to determine hardness and Young's modulus, and it was found that these parameters varied with superlattice bi-layer period and were dependent on the type of substrate material. Furthermore, the erosion resistances of the TiN/VN coatings were markedly higher than the bare substrate counterparts, and were influenced by the substrate type. Specifically, the differences in the microstructures and properties of the coatings were attributed to the difference in ion flux during the UMS deposition due to the dissimilar magnetic properties of the substrate materials.
Introduction
Erosion-resistant coatings are used to protect compressor components of land and airborne gas turbines from destructive effects of dust and sand particles suspended in the inflowing air [1] [2] [3] . To achieve improved erosion resistance on these components, novel materials and new design approaches in protective coatings are being explored [3] [4] [5] . Transition metal nitrides have been successfully used for years as protective coatings with high degree of wear and erosion resistance. Most commonly, these materials are deposited by physical vapor deposition (PVD), a process that allows for further enhancement of individual coating properties through multi-layered and nano-structured design [6, 7] . This approach is of particular importance in the case of erosion-resistant coatings, where high hardness and fracture toughness are required [7, 8] .
As the traditional methods of developing erosion-resistant coatings through trial-and-error experimentation are time-consuming and costly, computer modeling using the finite element (FE) approach or density functional theory (DFT) calculation are often utilized. These techniques can speed up the design process by identifying new materials and improved coating architectures, and by providing materials data, such as fracture toughness, that are not easily available for thin film materials [9] . The TiN/VN superlattice system, one of the materials evaluated in the latter DFT study, demonstrates a good potential for having high fracture toughness. A TiN/VN superlattice coating, because of its nano-layered structure, was also shown to exhibit an excellent capability in hardness enhancement [10] .
In this study, nano-structured TiN/VN coatings were deposited on 410 stainless steel and Ti-6Al-4V substrates. The microstructure, mechanical properties, and solid particle erosion performance of the coatings were examined with a view toward exploring their potential application as erosion-resistant coatings for compressor components of gas turbine engines.
Experimental
Two compressor blade materials, titanium alloy Ti-6Al-4V and 410 stainless steel were chosen as substrate materials. The nano-structured TiN/VN coatings were deposited on mirror-polished flat coupons by reactive sputtering using a closed-field unbalanced magnetron sputtering (UMS) coater. A mixed gas of Ar and N 2 was used with the Ar flow rate set at 15 sccm and the nitrogen flow controlled by an optical emission monitor (OEM) set at 50%; the average deposition pressure was 1.55 ± 0.15 mTorr. The bi-layer period of the coatings was changed by altering the specimen table rotation speed from 2 to 6 rpm. The deposition time was set for 5 h to achieve relatively thick coatings of 12-13 lm. Prior to coating, the substrate materials were ultrasonically cleaned in acetone and alcohol, followed by ion-cleaning in vacuum. A pulsed DC bias of -40 V was applied to the substrates and no extra heating was used during the deposition process.
X-ray diffraction using a Cu K a source was applied to measure the superlattice bi-layer periods and to identify the coating crystallographic structures. In particular, the bi-layer periods (K) were derived from satellite peak positions [11] . The XRD measurements were complemented by a texture evaluation utilizing pole figures.
The mechanical properties of the coatings were measured with a nano-indentation tester using a maximum load of 30 mN. The test conditions corresponded to maximum indentation depths of \10% of the coating thickness to minimize the substrate's influence on the measurement. The hardness (H) and Young's modulus (E) of the coatings were derived from the loading/unloading curves generated with a Berkovich indenter using the Oliver-Pharr method [12] . Seven indentations were performed on each sample to generate the average H and E values.
ASTM G76-02, Standard Test Method for Conducting Erosion Tests by Solid Particle Impingement Using Gas Jets, was used as the erosion testing reference. The erosion testing was performed at room temperature using angular Al 2 O 3 powders with an average size of 50 lm. The average velocity of abrasive particles was controlled at 84 m/s while the particle feed rate was regulated at 1-2 g/min. The impingement angle was set at 90°. The weight of a tested sample was measured at different exposure periods, and the mass loss erosion rate (mg/g) was calculated by dividing the total weight loss with the total amount of erodent used; volume loss erosion rate was obtained by dividing the mass loss erosion rate by the specific density of the coating.
Results
Crystallographic Structure Figure 1 presents the XRD spectra of the coatings deposited on the 410SS and Ti-6Al-4V substrates at different rotation speeds. Instead of having two sets of diffraction peaks originated from TiN and VN layers, all coatings exhibit only one set of peaks and have a face-centered cubic B1 structure, the same as monolithic TiN. Positive and negative satellite peaks can be observed on both sides of the main Bragg reflections of the B1 structure, as labeled in Fig. 1 . The satellite peak positions were used to calculate the bi-layer periods of the superlattices, and the average values are presented in Fig. 2 . The bi-layer period (K) of the TiN/VN coatings varied between 3.4 and *11.0 nm, and was approximately inversely proportional to the table rotation speed. No influence of substrate materials on bi-layer period was observed, as the coatings on two substrates deposited at the same table rotation speed showed almost identical bi-layer period values.
As the bi-layer period changed, the relative intensities of the peaks varied, but in a different manner for the coatings on the 410SS and Ti-6Al-4V substrates, indicating that both bi-layer period and substrate materials influenced the texture of the coatings. The peak intensities of the (111), (200), and (220) main peaks were measured and then normalized using the (111) peak intensity as a reference, and the results are presented in Table 1 . A significant difference in the XRD spectra was observed at K = 3.4 nm, where the (220) peak intensity was much stronger for the coating on Ti-6Al-4V than on 410SS substrate. At K = 7.4 nm, the (111) peak appeared to be the strongest for the coatings on both substrates; and the coating on Ti-6Al-4V appeared to have a notably stronger (220) peak than that on 410SS. When K = 11 nm, the coatings on both 410SS and Ti-6Al-4V substrates, having the (200) reflection as the strongest peak, demonstrated much broader peaks than those with different bi-layer periods.
The XRD measurements were complemented by texture evaluation through pole figures, which confirmed the above observations. Figure 3 presents the pole figures of the coatings with K = 3.4 nm on 410SS (Fig. 3a) and Ti-6Al-4V substrates (Fig. 3b) , which clearly demonstrates the difference in the texture between these two coatings.
Surface Morphology
The surface morphologies of the TiN/VN coatings on Ti-6Al-4V and 410SS substrates were examined under a scanning electron microscope. Clear differences in surface features were observed for the coatings with K = 3.4 nm; when compared with the coating on 410SS (Fig. 4a , with a surface roughness of R a = 16.5 ± 2.2 nm), the coating on Ti-6Al-4V substrate (Fig. 4b) was rougher (R a = 21.4 ± 2.4 nm) with a more apparent faceted growth feature. At K = 7.4 nm, the coatings on both substrates became denser, but still had large grains (Fig. 4c, d) ; and the coating on 410SS appeared smoother than the coating on Ti-6Al-4V. At K = 11 nm, both titanium and stainless steel substrates demonstrated similar coating surface morphologies with dense and fine structured grains, as shown in Fig. 4 (e), (f). The coated samples were cross sectioned for further SEM analysis and measurement of coating thickness. The SEM images of the K = 11 nm coating fracture surfaces are shown in Fig. 5 , and illustrate the columnar structure of the coatings. The coating thicknesses, 12.1 ± 0.1 and 11.9 ± 0.1 lm for the coatings on 410SS and Ti-6Al-4 V, respectively, are independent of the substrate materials.
Mechanical Properties
The values of hardness (H) and elastic modulus (E) as a function of the bi-layer period for the TiN/VN coatings on 410SS and Ti-6Al-4V substrates are presented in Fig. 6(a) and (b) , respectively. For both substrate materials, an increase in hardness was observed with an increase in the bi-layer period. Moreover, the coatings on different substrates had dissimilar values of hardness and elastic modulus, with higher H and E values for the coatings on 410SS than those on Ti-6Al-4V. Owing to the fact that the indentation tests were performed using a small load on the as-deposited coating surfaces, any surface feature deviating from the ideal mirror-polished surface condition, may lead to measurement errors, as shown by the error bars in Fig. 6 .
Erosion Performance
The erosion rates of the bare and coated samples are summarized in Fig. 7 with the experimental errors presented for those samples tested for 2 or 3 times. A higher erosion rate indicates a low erosion resistance. All coated samples demonstrated substantially lower erosion rates than the uncoated substrates; the erosion rate of the bare Ti-6Al-4V is 2-4 times higher than that of the TiN/VN coatings on Ti-6Al-4V. Similarly, the erosion rate of the 
Discussion
In a magnetron sputtering system, the magnetron source provides energetic ion bombardment to a growing film. Both ion bombardment energy and ratio of arrival ions and condensing atoms are considered as the most important parameters that affect the coating microstructure and correspondingly, its mechanical properties [13] . It was observed in this study that the different substrate materials, 401SS and Ti-6Al-4V, have a different influence on the coating microstructural characteristics, which can be attributed to the difference in ion bombardment to the growing films.
410SS is a martensitic, ferromagnetic alloy, while titanium alloy Ti-6Al-4V is non-ferromagnetic. In a magnetized plasma, the magnetic field, which is affected by a ferromagnetic substrate, can penetrate through the substrate and trap more secondary electrons in a closed loop, leading to more ionization and excitation of gas atoms [14] . Therefore, a biased ferromagnetic substrate can attract more charged particles from plasma to its surface [15] , leading to different surface morphologies and coating texture when compared to a non-ferromagnetic substrate counterpart [16] . Thus, the difference in coating texture and surface morphology for the ferromagnetic 410SS and non-magnetic Ti-6Al-4V substrates can be attributed to the difference in ion bombardments to the growing films. Ti-6Al-4V, for instance, received less energetic ion bombardment, and favoured a faceted growth of the coating [17] .
For a superlattice coating, the modulation period and crystallographic orientation are known as two important structural factors affecting coating hardness [18] . It has been reported that as the modulation period decreases, the hardness increases initially, reaches to a peak value and then decreases sharply [10, 18, 19] . The peak hardness usually appears at a bi-layer period of 3-10 nm.
However, it should be noted that this pattern of change in the hardness generally applies to superlattice coatings with the same preferred orientation. When the coating texture changes as the modulation period varies, the coating hardness may change in quite a different and complicated manner.
As the bi-layer period of the TiN/VN coatings was practically independent of the substrate materials as shown in Fig. 2 , the hardness variations of the coatings on different substrates should not be attributed to the coating layout, but rather to other factors such as the coating crystallographic orientation.
The effect of superlattice preferred orientation on hardness enhancement can be explained using the following equation [20] :
where H max is the maximum expected hardness of the superlattice, H A is the hardness of the layer with a lower shear modulus, G A and G B are the shear moduli of the A and B layers, respectively, m is the Taylor factor, and h is the smallest angle between slip planes and layer interfaces. From Eq 1, it is obvious that the different h angles for the highly anisotropic TiN/VN coatings on the different substrates certainly affect the superlattice hardness. For B1 structured superlattices like TiN/VN, {110} 110 is the primary slip system [21] . Given the complex stress states associated with compressive indentation testing, the secondary slip system {111} 110 is likely to activate as well and contribute to hardness enhancements [22, 23] . As the (200) orientation has the largest sinh values for both primary and secondary slip systems (Table 2) , a superlattice with a (200) texture should have more significant hardness enhancement than those with (111) or (220) texture. For example, a TiN/CrN superlattice with a (200) orientation can reach a peak hardness value of 39 GPa, while the (111) orientation produces a peak hardness of only about 27 GPa [18] . In this study, the TiN/VN coatings with a bi-layer period of 11 nm on 410SS and Ti-6Al-4V, which showed a significantly stronger (200) XRD peak compared to the coatings with other bi-layer periods, have high hardness values of 28.9 and 24.5 GPa, respectively. Decreasing the bi-layer period to 7.4 nm led to a significant drop in the intensity of (200) peak, which contributes to a drop in hardness values. As none of the coatings in this study demonstrated a dominant (200) texture, the highest coating hardness only reached 28.9 GPa, far lower than the peak hardness value of *55 GPa observed from (200) oriented TiN/VN superlattices [19] . As the coatings with bi-layer periods of 3.4 and 7.4 nm on Ti-6Al-4V substrate grew more favorably along the (220) direction than those on 410SS, it is expected that they are softer than the coatings on 410SS.
The dense coating structure and possible high residual compressive stress, resulting from more energetic ion bombardment, are also factors contributing to the higher hardness of the coatings on the ferromagnetic 410SS. The difference in coating microstructure and mechanical properties likely leads to the difference in erosion performance of the coatings.
Conclusions
Nano-structured TiN/VN coatings with a range of bi-layer periods from 3.4 to *11.0 nm were deposited on ferromagnetic 410 stainless steel and non-ferromagnetic Ti-6Al-4V substrates; substrate type demonstrated a strong influence on microstructural, mechanical, and erosion properties of the coatings. As XRD data demonstrated, the preferred orientations of the coatings on martensitic 410SS and Ti-6Al-4V were dissimilar, especially for the coatings with K = 3.4 nm. It was found that values of hardness increased with the bi-layer period of the coatings and there were clear differences between the coatings on different substrates. The coatings on 410SS are considerably harder (H = 23.6-28.9 GPa) than their counterparts on Ti-6Al-4V (H = 20.2-24.5 GPa). While the erosion resistances of the TiN/VN coatings on both substrates were *2-4 times better than the bare substrates, the influence of substrates on erosion performance was also observed. The differences in microstructural, mechanical, and erosion properties were attributed to the more energetic ion bombardment to the coatings on ferromagnetic 410SS than those on non-ferromagnetic Ti-6Al-4V during the UMS deposition process.
